The design and development of materials for electrochemical energy storage and conversion devices requires fundamental understanding of chemical interactions at electrode/ electrolyte interfaces. For Li−S batteries that hold the promise for outperforming the current generation of Li ion batteries, the interactions of lithium polysulfide (LPS) intermediates with the electrode surface strongly influence the efficiency and cycle life of the sulfur cathode. While metal oxides have been demonstrated to be useful in trapping LPS, the actual binding modes of LPS on 3d transition metal oxides and their dependence on the metal element identity across the periodic table remain poorly understood. Here, we investigate the chemical interactions between LPS and oxides of Mn, Fe, Co, and Cu by combining X-ray photoelectron spectroscopy and density functional theory calculations. We find that Li−O interactions dominate LPS binding to the oxides (Mn 3 O 4 , Fe 2 O 3 , and Co 3 O 4 ), with increasing strength from Mn to Fe to Co. For Co 3 O 4 , LPS binding also involves metal−sulfur interactions. We also find that the metal oxides exhibit different binding preferences for different LPS, with Co 3 O 4 binding shorter-chain LPS more strongly than Mn 3 O 4 . In contrast to the other oxides, CuO undergoes intense reduction and dissolution reactions upon interaction with LPS. The reported findings are thus particularly relevant to the design of LPS/oxide interfaces for high-performance Li−S batteries.
INTRODUCTION
Large-scale applications for electric vehicles and smart grids demand high-performance electrochemical energy storage systems beyond traditional Li-ion batteries.
1−3 Lithium−sulfur (Li−S) batteries are promising candidates for next-generation energy storage due to their high specific energy (2600 Wh kg −1 ), nontoxicity, and abundant natural reserves of the elements. 4, 5 However, successful implementation of Li−S batteries is still hampered by limitations of the various battery components. Major adverse factors on the cathode side include insufficient sulfur utilization, low Coulombic efficiency, and rapid capacity attenuation, all of which relate to dissolution, diffusion, and side reactions of the lithium polysulfide (LPS) intermediates (Li 2 S x , 4 ≤ x ≤ 8) generated in the charging and discharging processes.
6−8 To achieve high-capacity, high-efficiency, and stablecycling Li−S batteries, it is essential to ensure confinement of LPS on the cathode.
During the past decade, significant efforts have been made toward achieving confinement of LPS, 9−14 with the focus shifting from using porous carbonaceous materials as physical barriers to utilizing host materials with polar surfaces for chemically adsorbing LPS. 15 26, 32 Despite significant progress toward understanding surface interactions between LPS and metal oxides, the actual binding modes of LPS molecules on oxides of 3d transition metals remain elusive, particularly when there are no redox reactions at the interface.
Here, we report a systematic study on chemical interactions of LPS with oxides of a series of 3d transition metals (Mn, Fe, Co, and Cu). Combining X-ray photoelectron spectroscopy (XPS) and density functional theory (DFT) calculations, we find that binding of These metal oxides have been reported to be effective in binding LPS and stabilizing Li−S batteries. 33−35 In order to study the interaction chemistry, metal oxide powders were drop-casted onto Al foil to prepare the samples. The resulting metal oxide films were then each immersed in a separate 0.01 M Li 2 S 6 solution for 24 h in an Ar-filled glovebox before they were transferred by a vacuum transfer vessel ( Figure S3 ) into the XPS spectrometer for examining the chemical states of the metal oxide surfaces after interacting with LPS.
The O 1s core-level spectra of the metal oxides ( Figure 1 ) show good agreement with earlier studies. 36 For instance, the O 1s spectrum of Mn 3 O 4 exhibits a major component at the binding energy (BE) of 529.38 eV corresponding to lattice O−Mn bonding, together with a smaller component at 530.34 eV indicating the presence of Mn−OH as well as defective sites on the surface (Figure 1a) . 37−39 After interacting with LPS, the higher BE component is replaced by a new peak centered at 531.22 eV with an increased proportion (Figure 1a ), indicating the formation of O−Li bonding configuration similar to those (BE at ∼531 eV) of lithium compounds. 40−42 Upon O−Li binding, the positively charged Li withdraws valence electrons from the negatively charged O, which reduces the screening effect on the inner O 1s core-level electrons, consequently leading to the increase in BE. 43 The lattice O−Mn peak shifts slightly to lower BE (Figure 1a (Table S1 ). Figure 2e shows the S 2p XPS spectra. The spectrum of a dried Li 2 S 6 solution features two doublet components centered at 161.32/162.40 and 162.86/164.04 eV, corresponding to the terminal S atoms (S T ) directly bonded with Li and the bridging S atoms (S B ) directly bonded with S. 26 The areal ratio of S B to S T is roughly consistent with the nominal formula Li 2 S 6 . LPS adsorbed on Mn 3 O 4 gives a similar spectrum as that of Li 2 S 6 in terms of binding energy and S B /S T ratio. LPS adsorbed on Interestingly, we find that CuO behaves strikingly differently from the other three metal oxides. The Cu 2p 3/2 XPS spectrum of CuO shows a major component centered at 933.53 eV and shakeup satellite features in the 940−945 eV range (Figure 3b) , The Journal of Physical Chemistry C Article characteristic of Cu(II). 45 However, after interacting with LPS, no Cu signals were detected by XPS (Figure 3b) , indicating that the surface layer of the CuO film has been dissolved by the LPS solution, as verified by XPS detection of Cu-containing species in the dried solution ( Figure S4 ). The O 1s core level spectrum shows only one peak around 532 eV (Figure 3c ) ascribed to lithium oxide. 42, 46 The S 2p spectrum is similar to that of pure Li 2 S 6 (Figure 3d) , implying a lack of strong chemical binding to the surface. Cu signal could be detected by XPS after the surface layer of the film was peeled off. The recorded Cu 2p 3/2 spectrum features a peak at 932.23 eV without evident satellite peaks (Figure 3b ), alluding to Cu (I) species. 45 With these results, we propose the following sequence of chemical reactions leading to the observed layered structure illustrated in Figure 3a : (1) ). A similar reaction has been previously reported in the literature. 32 Cu 2 O further reacts with Li 2 S 2 O 3 to form a soluble Cu(I)−thiosulfate complex and an insoluble Li 2 O layer on the surface. Gibbs free energies of the two reactions are calculated to be significantly negative (−25.5 and −33.1 kcal/mol, respectively), verifying thermodynamic feasibility of the proposed reactions.
DFT calculations, using the Vienna ab initio Simulation Package (VASP), 47−50 provide valuable insights into the interactions between LPS and metal oxide surfaces. We use Li 2 S x (x = 2−6) as model LPS compounds and study their adsorption on the Mn 3 O 4 (001) and Co 3 O 4 (100) surfaces. The optimized structures with Li 2 S x binding to the metal oxide surfaces are shown in Figure 4 .
The strength of interactions between Li 2 S x and metal oxide surfaces is quantified by the BE, defined as the energy difference between a metal oxide−Li 2 S x complex and the corresponding isolated state. More negative BE indicates stronger interactions. We find that Co 3 O 4 binds Li 2 S 6 much more strongly than In fact, Figure 4 shows that for all the LPS considered in our calculations, the BEs on Co 3 O 4 (100) surface are much more negative than the corresponding BEs on Mn 3 O 4 (001), indicating that Co 3 O 4 generally binds LPS much more strongly.
Considering that the Li 2 S 6 solution has all the other LPS, 6, 51 we further studied the energy changes of the reactions for LPS generation from Li 2 S 6 : Li 2 S 6 → Li 2 S x + − S ■ REFERENCES
